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Direct writing utilizing a focused electron beam constitutes an interesting alternative to resist based 
techniques, as it allows for precise and flexible growth onto any conductive substrate in a single-
step process. One important challenge, however, is the identification of appropriate precursors 
which allow for deposition of the material of choice e.g. for envisaged applications in nano-optics. 
In this regard the coinage metal silver is of particular interest since it shows a relatively high 
plasma frequency, and thus, excellent plasmonic properties in the visible range. By utilizing the 
precursor compound AgO2Me2Bu, direct writing of silver-based nanostructures via local electron 
beam induced deposition could be realized for the first time. Interestingly, the silver deposition 
was strongly dependent on electron dose; at low doses of 30 nC/ µm2 a dominant formation of 
pure silver crystals was observed, while at higher electron doses around 104 nC/µm2 large carbon 
contents were measured. A scheme for the enhanced silver deposition under low electron fluxes 
by an electronic activation of precursor dissociation below thermal CVD temperature is proposed 
and validated using material characterization techniques. Finally, the knowledge gained was 
employed to fabricate well-defined two-dimensional deposits with maximized silver content 
approaching 75 at.%, which was achieved by proper adjustment of the deposition parameters. The 
corresponding deposits consist of plasmonically active silver crystallites and demonstrate a 




Employing electrons for direct writing is highly desirable since it provides both, the highest 
resolution and three-dimensional flexibility1,2. The corresponding technique, termed electron beam 
induced deposition (EBID) utilizes focused electrons for the dissociation of molecular precursors 
which are locally introduced into the vacuum chamber of an electron microscope3,4. Compared to 
standard multistep lithographic techniques for nanostructure fabrication, EBID stands out as a 
mask-less single-step approach. Typically, metal organic precursor media are employed to finally 
realize metallic nanostructures5. In an ideal case the electron-beam induced dissociation would 
separate precursor molecules adsorbed onto the substrate into their volatile organic ligands (which 
subsequently are pumped out) and the central metal atoms forming the deposit. However, a 
substantial amount of carbon from the co-dissociated ligands is generally incorporated into the 
deposit since primary, back-scattered and generated secondary electrons involved in the 
dissociation process cover a wide energy range, which is not selective to bond energies6,7. Typical 
metal contents for EBID from state-of-the-art metal-organic precursors range from about 5 at.% 
to 40 at.% including Au, Cu, Pt, W, Mo, Cr, Si, Ti, and Ni3,5. Hence, the challenges of EBID lie in 
depositing the material of choice in sufficient quality for the envisaged applications, e.g. in 
plasmonics8–10. In that respect, post-growth purification mainly relying on oxidation of the co-
deposited carbonaceous matrix constitutes an important field of research5, providing promising 
results for already established precursor compounds. Recent examples include room-temperature 
methods like electron beam curing11,1213 or oxygen plasma treatment14, as well as laser-assisted 
purification15 and heating in different atmospheres16,17 or vacuum18. 
To avoid carbon co-deposition from the start one can rely on purely inorganic precursor 
compounds19, low carbon-content precursors20,21 or employ the catalytic activity of the precursors 
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by using electrons as an invisible ink prior to deposition22. A further important approach includes 
the identification and/or design of novel precursor compounds23, to achieve both a broadening of 
the available materials to be deposited by EBID with a preferably low or no carbon co-deposition. 
 
The choice of appropriate precursors usually starts from compounds successfully proven for 
chemical deposition techniques and involves several steps. Once a potentially interesting low 
vapor pressure compound is identified by bulk exposure20,24, the following challenging tasks must 
be solved: (I) supply of the vapor phase to the substrate and to location of electron exposure, (II) 
physisorption onto the surface - preferentially without condensation to keep the 3D writing 
capability of EBID, although sub-micron condensation may also be suitable in some cases24–26, 
and (III) desorption of intact adsorbates wherever not exposed to electrons. By utilizing this 
approach novel inorganic gold precursors have been identified20. More recently, a cisplatinum 
precursor was investigated by bulk exposure vs. condensed monolayer exposure24 demonstrating 
the validity as well as peculiarities of such an approach. 
Although today a wealth of metals are accessible using electron beam induced deposition5, no 
silver-based EBID process has been reported yet. Up to now only liquid phase silver EBID27–29 
was realized accompanied by the typical severe restrictions in resolution and flexibility. Since 
silver is ideally suited for plasmonic applications due to its small optical losses in the whole visible 
regime, there is an urgent need for the development of high-precision direct writing of silver 
nanostructures.  
To address this challenging task, the compound Ag-(2,2-dimethylbutanoato-κO)- (AgO2Me2Bu) 
was identified as most promising. The carboxylate AgO2Me2Bu is known for chemical vapor 
deposition (CVD)30,31 and, as it turned out, affords an extraordinary sensitivity to electron beam 
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impact. While this is highly desirable for the direct writing of nanostructures with a high metal 
content, the associated experimental conditions are extremely demanding. To account for silver 
deposition by electron beam impact, a fully integrated gas injection system had to be developed, 
assembled and subsequently optimized regarding chemical inertness and short molecule paths. 
Thereby, gas-phase electron beam induced deposition of silver could be demonstrated for the first 
time. 
 
RESULTS AND DISCUSSION 
Figure 1 (a) and (b) show exemplary scanning electron micrographs of typical spot deposits 
from AgO2Me2Bu on different substrates. The temperature of the substrate was kept constant at 
around 120°C, while the evaporation temperature of the gas injection system (GIS) was set to 
150°C. EBID was performed by irradiating stationary spot exposure for 5 minutes. As a 
consequence of the GIS design, the gas flux was constant during deposition and in-situ imaging. 
A 15kV acceleration voltage and beam current of 0.5 nA onto silicon results in a local electron 
dose of around 3×103 nC/µm2 within the full width at half maximum of around 250 nm of the 
primary electron beam.  
As visible in Figure 1 (a) spot deposits onto silicon are surrounded by a halo with a diameter of 
around 4.5 µm. The diffuse shapes of the deposits onto silicon correspond strongly to the radius 
of backscattered electrons and their secondary electrons. In Figure 1(b) spot deposits with a 
reduced current of 0.15 nA on a roughly 20 nm thick carbon membrane of a TEM grid are shown. 
The membrane deposits indicate the impinging primary electron beam profile to a width of around 
500 nm in diameter and lack the halo region as there is no bulk interaction volume.  
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Figure 1 (c) displays the radial density distributions of backscattered (BSE) and generated 
secondary electrons (SE) obtained from Monte-Carlo modeling for a silicon substrate (red curve) 
and the carbon membrane (blue curve). The convolution was performed with the Gaussian shape 
of the primary beams and their respective FWHM (250 nm for 0.5 nA and 160 nm for 0.15 nA) as 
determined in resolution tests (see Supporting Information, Supp4). For the silicon substrate the 
density of secondary and backscattered electrons decreases by almost two orders of magnitude 
within the first 250 nm of radial distance following the Gaussian primary beam profile. Outside 
the focal region, for radii > 250 nm, the BSE and SE profile is dominated by the interaction volume. 
At a radius of 2 µm it shows a value of about 10-7 e-/nm2, whereby it starts sharply decreasing and 
approaching zero at around 2.25 µm. This corresponds well to the observed radius of the halo 
around the spot deposits on bulk silicon. At 2 µm distance from the beam center the electron dose 
amounts to ca. 30 nC/µm2 at maximum in these peripheral halo regions compared to 3×103 nC/µm2 
in the focal region. According to this significantly decreased number of available electrons in the 
peripheral region a 100 – 10000x lower deposition rate compared to that in the beam center would 
be expected for the case of an electron-limited growth regime. However, in the focal region the 
deposition is strongly adsorbate-limited due to the low vapor pressure of the compound (see 
Supporting Information, Supp5). In the beam center the number of electrons is about three to four 
orders of magnitude larger than the number of impinging precursor molecules, thus severely 
limiting the deposition rate. Interestingly, a particular ring pattern is observed exhibiting features 
which suggest the formation of silver crystals. This ring region became even more pronounced 
when observing the spot deposit with continuing precursor flux in SEM observation as routinely 
done for documentation purposes. Experiments with continued gas flow without electron beam 
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irradiation showed no further silver growth (see Supporting Information, Supp9). Hence, this effect 
can be attributed to a post-growth EBID under low electron fluxes as present in SEM scanning.  
Figures 1 (d) and (e) propose a model scheme of the underlying processes: After physisorption 
onto the substrate, AgO2Me2Bu molecules are dissociated into silver and ligands by electron 
impact. Under high electron flux the precursor ligands are co-dissociated resulting in a 
microstructure of metal nanoparticles embedded into a carbonaceous matrix known for metal-
organic precursor media. For this regime, and typical for EBID, the occurrence of a large carbon 
amount as well as oxygen is observed in the deposits. Furthermore, the carbon co-deposition is 
expected to reduce the rates of adsorption of further molecules and desorption of their ligands and, 
thus, hinders the formation of larger silver particles. As shown in Figure 1 (e) for low electron flux 
the deposition process becomes electron-limited and the desorption rate of the ligands becomes 
larger than their dissociation rate leaving un-poisoned silver crystals. Thus, the forming silver 
nanocrystals are not embedded into a carbonaceous matrix and can act as preferred adsorption sites 
giving rise to efficient growth of pure silver. In case of the spot deposit the formation rate of these 
silver crystals depends on the radial electron flux distribution. As the electron flux quickly decays 
by orders of magnitude a ring-like silver feature is formed. Beyond that ring, the overall deposition 
rate is too small for the formation of visibly large nuclei. Yet the dependence of silver deposition 
on the electron flux is non-linear, as competitive co-deposition of the adsorbate ligand fragment is 
involved which in turn influences the adsorption and desorption of further molecules and ligand 
fragments. 
While this behavior, especially the small vapor pressure of the compound in combination with 
its strong chemical activity and the sensitivity even to low energy electrons, might complicate the 
fabrication of high aspect ratio structures, it provides an ideal platform for the tuning of the 
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material composition and, thus, for selective growth of high metal content deposits. Furthermore, 
using short pulse spot exposure to realize corresponding low doses as prevailing the halo region 
will enable the same sub-10 nm spatial resolution as achieved in EBID32,33. 
Since the electron flux on the surface varies over several orders of magnitude around the focal 
region of an electron beam, the whole area can be taken in terms of a combinatorial approach for 
observing the different deposition regimes. To further study these regimes with respect to 
composition and to eliminate the influence of the substrate, a massive spot deposit was fabricated 
with an exposure time of 1 h resulting in a deposit thickness of 300 nm. 
Figure 2 (a) shows the scanning electron micrograph of the corresponding deposit, where 
different regions of deposition are immediately visible: The darker central region highlights the 
co-deposition of carbon while the bright spots are pure silver crystals. The overlaid graph 
visualizes the density of the secondary and backscattered electrons scaled to the spatial extension 
of the spot deposit. In Figure 2 (b) the high angle annular dark field scanning transmission electron 
micrograph (HAADF-TEM) taken from a cross-section through the deposit (as marked in Figure 
2 (a)) shows the typical metal crystals embedded in the carbonaceous matrix for the EBID regime. 
In the surface region pure silver growth took place resulting in silver crystals of increasing sizes 
of up to 100 nm as visible in Figure 2 (a). The size of the silver crystals on top (see Figure 2 (b) 
increased by the scanning of the electron beam after the actual spot deposition for imaging and 
thereby providing continued silver growth in the electron-limited regime, as already discussed for 
Fig. 1a. The thin-film corrected EDX quantification shown in Figure 2 (d) suggests a silver content 
up to 70 at.% for the case of pure silver on top, where below a typical EBID composite is situated. 
In the neighboring central EBID region, the silver amount is about 42 at.%, with a carbon content 
slightly exceeding that of silver. In both cases the amount of metal is remarkable, given that the 
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typical metal content of deposits from organo-metallic precursor compounds with a comparable 
amount of carbon within the ligands is in the order of 5-40 at.% at maximum5. 
Concerning the deposition pathways, the small oxygen content in the (background-corrected) 
stoichiometry of the EBID region (Ag:O:C≈6:1:7) suggests only a minor contribution of full 
polymerization of the carboxylate compound to the deposit growth. In parallel, for low secondary 
electron energies (around 1 - 50 eV), dissociative electron attachment and dissociation into neutrals 
and ions could separate the reduced silver atom from the complete ligand. Subsequently, the 
ligands either desorb from the substrate or dissociate into species of which the oxygen containing 
ones desorb while some of the carbon species are co-deposited7.  
For the case of two-dimensional depositions based on AgO2Me2Bu the larger area and thus 
smaller local electron flux can be employed for optimal desorption of ligands during the electron 
beam induced deposition, resulting in a significantly higher silver content than expected for the 
typical EBID case. For that purpose a ‘slow’ electron beam movement over areas of 10x10 µm² 
was applied, with a duration of 11s for one full scan realized by a dwell time of 1 µs and a pitch 
of 20 nm. The area was scanned with a current of around 0.5 nA, resulting in an electron dose of 
0.05 nC/µm2 per full scan. In contrast to the spot deposits, where the beam resides at a fixed 
position, here an efficient supply and activation of a large number of adsorbates can be achieved. 
Figure 3 (a) shows a typical planar deposit after 100 passes, where pure silver crystals are formed 
while still ensuring the selectivity of EBID. As visible from Figure 3 (a) the mean size diameters 
of the larger particles range from 50 to 400 nm with an average size of around 115 (±20) nm 
following a log-normal distribution as depicted in the histograms in 3 (b). The deposit consists of 
a single layer of pure silver crystals (see Supporting Information, Supp8). As mentioned before 
post-deposition irradiation for imaging resulted in further deposition since the gas flow could not 
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be interrupted. Hence, distinctly smaller particles onto the deposit are visible in Figure 3 (a), here 
with an average size of 7 nm derived from the size distribution shown in Figure 3 (b). These 
particles increase in number and size for continued electron beam impact (see Supporting 
Information Supp8).  
Figure 3 (c) presents the results from EDX investigation after thin-film correction for the square 
in Figure 3 (a). The inset shows the corresponding AFM image from which the layer thickness 
was extracted as 95 (±15) nm. For the as-deposited 2D structure, an extremely high silver content 
of around 73 (±2) at.% could be achieved1. It is linked to the deposition parameters and does not 
change after electron beam irradiation fully ceases. As mentioned before, in control experiments 
with continuous gas flow over several hours without further electron beam irradiation, no further 
growth is observed (see Supporting Information, Supp9). This provides evidence that the growth 
of silver is determined by the presence of electrons.  
The balance between dissociation and electron-stimulated desorption enables the formation of 
the pure metal. The presence of silver was proven by thorough evaluation of high-resolution 
transmission electron microscopy (HRTEM) excluding the occurrence of any silver oxides (see 
Supporting Information, Supp7). Figure 3 (d) shows a HRTEM image of a crystal with a distance 
of 0.23 nm between the (111) lattice planes as expected for silver. In the corresponding fast Fourier 
transformed (FFT) image displayed in Figure (e), the diffraction spots for silver {111} and {002} 
are marked. 
To finally demonstrate the potential for plasmonic applications, the surface enhanced Raman 
scattering (SERS) properties were examined for two-dimensional silver deposits. It was 
                                                 
1 This value was determined using thin-film and background corrections for the carbon background 
in the EDX measurements of around 15-16 at.% (see Supporting Information, Supp5). 
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investigated whether the carbon signal from the residual carbon content could be enhanced in the 
region of the silver deposits, using a 532 nm laser source. As shown in Figure 4 (a) a 2D Raman 
map was performed over the deposit, and the maximum signal intensity for each Raman spectrum 
was evaluated. The extracted spectra presented in Figure 4 (b) prove the distinct and significant 
signal enhancement in the deposit region due to plasmonic excitation of the silver particles. The 
signal enhancement was between 100x - 400x, depending on the nature of the local deposit, which 
is reasonable when compared to other nanoparticle Ag-based SERS systems with smaller 
dimensions34. The enhanced spectra show both D and G band features from the residual carbon 
matrix, and further highlight the complexity of the spectra in the organic vibration range, most 
likely due to other carbon-based molecular vibrations from electron induced fragments of 
precursor molecules. From the enhanced spectra the intensity ratio of D and G band were evaluated 
using a Lorentzian peak fitting, and suggest the formation of nanocrystalline graphite clusters in a 
disordered carbon matrix35,36. The obtained average carbon (graphite phase) cluster size is around 
12.9 nm for the deposit and 11.0 in the carbon halo with the graphitization induced by local 
irradiation of the electron beam37. 
CONCLUSIONS 
Electron beam induced deposition of silver from the gas phase could be achieved for the first 
time. By using AgO2Me2Bu as a precursor medium a silver content of about 73 at.% could be 
realized by proper adjustment of the deposition parameters. While for high electron fluxes EBID 
deposits with a dominant carbon content were observed, small local fluxes pushed the growth of 
large silver crystals. Given the large amount of carbon in the precursor stoichiometry (Ag:C = 1:6), 
this high silver content points to an effective desorption of the ligands under low electron 
irradiance. The suitability of such deposits for plasmonic applications was shown through surface 
 12 
enhanced Raman scattering of the carbon signal on planar deposits. One obvious next step would 
be integrating the corresponding GIS into a field emitting microscope in which a sufficient vertical 
growth rate allows for three-dimensional nanostructures. Due to the high local electron fluxes and 
resolution final silver nanostructures with an EBID core and silver mantle achieved through low 
dose post-irradiation can be envisaged. In conclusion, the presented study represents a key step for 
the fast and efficient direct writing of plasmonic silver nanostructures in combination with 
advanced local precursor chemistry realizing high-purity deposits. 
 
METHODS/EXPERIMENTAL 
Prior to deposition, precursor candidates were investigated concerning their atomic composition 
as well as their sensitivity against electron beam impact. One metal-organic precursor compound 
investigated was Ag-(2,2-dimethylbutanoato-κO)-, CAS 1085717-13-0 (AgO2Me2Bu) consisting 
of cotton-like white filaments. AgO2Me2Bu showed a strong increase of the relative amount of 
silver in the precursor crystal filaments under electron beam exposure. This high sensitivity to 
electron beam impact in combination with the stability of the compound during rendered 
AgO2Me2Bu a promising candidate for electron beam induced deposition of silver (see Supporting 
Information, Supp1 and Supp2). 
The deposition was carried out in a tungsten filament driven Hitachi S 3600 scanning electron 
microscope (SEM) equipped with a Xenos patterning engine and a home-built gas injection system 
(GIS). The evaporation unit of the GIS was optimized in terms of short and linear molecule paths 
to reduce temperature gradients and was built from chemically inert, stainless steel of type 
W.1.4445MV. Instead of the typical capillary an ‘open-GIS’ was preferred with a tube of 3 mm 
inner diameter since it provided for sufficiently large deposition rates especially for the low vapor 
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pressure precursors used in this study (see Supporting Information, Supp5). For these technical 
reasons no valve could be integrated. The GIS system is fully introduced within the SEM chamber 
and mounted to a three-axis stage allowing for accurate positioning relative to the sample surface 
for the deposition. The stage and the GIS (evaporation) unit could be independently heated for the 
determination of the optimum deposition temperature windows. No carrier gas was used. 
The systematic investigation of electron beam induced deposition began with the adjustment of 
the optimum temperature windows of both gas-injection system (GIS) and substrate. Therefore, 
spot depositions were performed using a 15 kV acceleration voltage and 0.5 nA (0.15 nA) beam 
current. The GIS was heated in steps of 10 K starting from 80°C. Optimal deposition rates were 
reached for GIS temperatures of 150°C. Experiments varying the substrate temperature showed 
that below 100°C condensation of the AgO2Me2Bu precursor sets in, while above ca. 126°C the 
selectivity of the process slowly decreases due to competing thermal dissociation (CVD) at the 
sample surface (see Supporting Information, Supp3) in vacuum. Both, condensation and CVD 
temperature define the substrate temperature window for selective electron beam induced 
deposition. 
Microscope cover slips (BK7, 170 µm) with a transparent conductive coating of ITO (magnetron 
sputtered, 52.3 nm), n-doped silicon wafers and copper TEM grids with a carbon foil were used as 
substrates. Depositions on native oxide silicon and ITO-coated glass showed comparable results. 
While the glass substrates provide access to an optical characterization of the silver-based EBID 
deposits and guaranteed low thermal drifts of the heating stage, the silicon substrate served as a 
standard for Monte-Carlo modeling. Monte Carlo modeling was carried out using the open-source 
code Casino38. 
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For high-resolution imaging as well as for energy-dispersive X-ray spectroscopy (EDX) to 
determine the material composition a Hitachi S4800 equipped with an EDAX silicon drift detector 
(SDD) was employed. The used emission current of 10 µA at an acceleration voltage of 8 kV led 
to a sample current of 1 nA at the substrate surface according to the optical settings. EDX analysis 
was performed with a take-off angle of 38° during 100 s and the k-ratios of each atom were 
extracted from the silver deposit as well as the substrate. The background signal of the detector 
was subtracted from EDX spectra using EDAX TEAM™ software after the acquisition process. 
Atomic composition of the silver-based FEB deposits was calculated using the software SAMx 
STRATAGem for thin-film analysis. This allowed for the exclusion of the EDX signal 
contribution from the ITO layer and the glass substrate underneath the silver deposits. However, 
the carbon content due to co-deposition of the residual hydrocarbons during EDX signal 
acquisition still contributes to the overall composition. This carbon background is 15-16 at.% in 
the used system as quantified for an evaporated layer of pure silver on native oxide silicon (see 
Supporting Information, Supp 6). The topography of the deposits was monitored by atomic force 
microscopy (AFM) using a NT-MDT NTEGRA Spectra system. TEM lamellas were prepared 
using FEI Helios-600i focused ion beam (FIB) instrument, an approximately 20 nm gold layer was 
deposited onto the surface using sputtering, followed by an ion-beam induced deposition of a Pt 
protective layer. TEM and STEM images were acquired using a JOEL-2200FS microscope 
operated at 200 kV acceleration voltage. Confocal Raman spectroscopy was performed using an 
upright ND-MDT NTEGRA Raman microscope featuring a laser source with a wavelength of 
532 nm and a 100x objective lens with a numerical aperture of 0.95. Spectra were recorded at a 
spectral resolution of 2.7 cm−1 with a 2 s exposure time for each point of the 15 x 15 µm2 Raman 
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Figure 1. Scanning electron micrographs of spot deposits from AgO2Me2Bu: (a) typical spot 
deposit on bulk silicon, (b) spot deposits on TEM grid carbon membrane of 20 nm thickness, (c) 
Monte Carlo simulation of surface density distributions of secondary and backscattered electrons 
on bulk silicon (red) and carbon membrane (blue) generated by an electron beam of 15keV. Beam 
current and FWHM are indicated. (d) and (e): Sketches of deposit formation processes for 
AgO2Me2Bu, with red circles symbolizing the silver atoms while the colors signify elements of 
the organic ligand. Two different deposition regimes occur: (d) high electron flux: (1) 
physisorption, (2) electron beam induced co-dissociation of ligands leading to polymerization and 
surface poisoning, and (3) growth of carbon-rich deposit; (e) low electron flux: (1) physisorption, 






Figure 2. Combinatorial approach to deposition regimes: (a) Scanning electron micrograph of a 
massive spot deposit from AgO2Me2Bu with (b) the corresponding cross-section shown in the high 
annular dark field scanning transmission electron micrograph (HAADF-TEM). (c) Transmission 
electron micrographs of the silver crystals in the transition region. The overlay in (a) shows the 
density of secondary and backscattered electrons from Fig. 1 (c) correlating with the regions for 
ligand co-dissociation in the central region (high electron density) and silver crystal growth in the 






Figure 3. (a) Scanning electron micrograph of typical square deposit of 10x10 µm2 from 
AgO2Me2Bu, (b) the histograms below show the particle size distributions in the deposits 
following a log-normal behavior, (c) EDX spectrum for two different incident energies, black: 
8keV, red: 5keV, upper inset: AFM scan of the investigated deposit of thickness d = 95 nm, lower 
inset: material composition as obtained after thin-film correction, (d) HR-TEM image of silver 
crystal with the lattice distances measured for the (111) plane, (e) corresponding FFT denoting the 




Figure 4. (a) 2D Raman intensity map of the silver pad shown in Figure 3, based on the maximum 
intensity of the collected spectra. The local signal enhancement from plasmonic excitation of the 
silver particles can be clearly distinguished. (b) Corresponding Raman spectra over the carbon 
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